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Abstract

Id helix-loop-helix (Id HLH) proteins are negative regulators of basic HLH transcription factors. They are expressed during embryonic
development and are important for the regulation of cell phenotypes in adults. They participate in the molecular networks controlling cell
growth, differentiation, and carcinogenesis, through specific basic HLH and non-basic HLH protein interactions. Recent in vitro and in vivo
data implicate Id HLH as important orchestrating proteins of homeostasis in glandular and protective epithelia. In particular, Id proteins have
been reported to be involved in cell behavior in epidermis, respiratory system, digestive tract, pancreas, liver, thyroid, urinary system,
prostate, testis, endometrium, cervix, ovary, and mammary gland. The purpose of this review is to summarize the evidence implicating Id
proteins in the regulation of mammalian epithelial cell phenotypes.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction

Helix-loop-helix (HLH) transcription factors [1] are im-
portant players in the transcriptional network regulating cell
growth and differentiation during many essential develop-
mental processes, in both vertebrates and invertebrates (for
reviews, see [2–4]). This family of protein comprises more
than 240 members [3,5] that coordinate cell type-specific
gene expression implicated in cell lineage determination,
cell proliferation, and cell death and, globally, differentia-
tion of most tissues [3,6–17]. They are commonly grouped
into seven classes (I–VII), based on tissue distribution,
dimerization capabilities, and DNA binding specificities
[3,18].

A characteristic feature of HLH proteins essential to their
normal function is the ability to form homo- and het-
erodimers through their highly conserved HLH domain (for
reviews, see [3,13,18]). Most of these proteins belong to the
basic helix-loop-helix (bHLH) family and act as transcrip-
tional enhancers or inhibitors of various genes through di-
rect DNA binding to the canonical E-box sequence [19].

However, the four members of the HLH class V subfamily
[20,21], known as Id proteins (inhibitor of DNA binding)
act as dominant negative regulators of transcription factors.
While they contain the HLH domain enabling them to
dimerize with other members of the family (classes I and II)
[3], the resulting Id-bHLH heterodimers are unable to bind
to DNA because Id HLHs lack the basic motif necessary for
this [20].

The four Id proteins differ substantially with respect to
their expression patterns during mouse embryogenesis [11].
During mouse gastrulation, Id4 is absent while Id1, 2, and 3
exhibit specific and distinct patterns of expression. During
neurogenesis, each of the four Id members is present in a
unique expression pattern, which persists over neuronal
development. During murine postgastrulation, Id1-2-3 are
expressed in multiple tissues whereas Id4 is restricted to the
ventral portion of the developing stomach epithelium and in
neuronal tissues. Id1-2-3 are expressed in tissues undergo-
ing active morphogenic activities, and overlap in many
tissues but not in primitive gut-derived tissues. Later, Id2 is
the only member of this family to be expressed within the
epithelium, while Id1 and Id3 are present in mesenchyme
surrounding the epithelium. The varying levels and over-
lapping patterns of expression of Id proteins contribute to
the specific differentiation process during development.

As with many other essential proteins, strong evidence
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now suggests that Ids are key regulators of oncogenic trans-
formation and/or other cellular processes related to the
growth of malignancies [8,10,13,14,16,17,22,23]. Ids are
generally overexpressed in tumor cells, their presence usu-
ally, though not always, correlating with that of dedifferen-
tiated, proliferative, and invasive cell phenotypes. More-
over, before metastasizing and invading tissues beyond their
point of origin, most cancerous cells emerge from epithelia
that are themselves undergoing advanced tumorigenic pro-
cesses. Epithelia are relatively avascular, mainly consisting
of cells with almost no connective tissue, and specialized for
absorptive, secretory, protective, or sensory activities. They
may be distinguished between those covering and lining
epithelium, and those with secretory or glandular functions.
The control of mammalian epithelial cell phenotype is one
of the major functions of Ids, from normal differentiation
and proliferation processes to the mechanisms of cancer
development.

The purpose of this review is to summarize and interpret
the evidence implicating Id proteins in the regulation of
epithelial cell phenotypes, occurring in normal differentia-
tion as well as tumorigenesis. These data are organized in a
functional organotypic presentation, and summarized in Ta-
bles 1 and 2. Molecular pathways regulating epithelial phe-
notypes through Ids are discussed as well as the study of the
function of bHLH and certain non-HLH proteins in epithe-
lial cells and their potential relevance to Ids. This review
will be limited to mammalian epithelium, mainly human
and mouse, and will not cover studies of epithelial tissues
lining closed internal body cavities such as endothelium
(blood vessels) and mesothelium (serous cavities), nor the
tissues of the nervous system, which originate from ecto-
derm. The roles of Id proteins in these tissues have been
extensively reviewed by others [2,6–8]. We will be con-
cerned only with differentiation processes occurring in the
adult, as illuminated by in vitro and in vivo studies, as well
as tumorigenesis, and not with development or embryogen-
esis.

Epidermis

The epidermis undergoes complex dynamic processes
[24] in which keratinocytes migrate and differentiate from
the proliferating basal immature cell layers to the superficial
squamous epidermal layers. Id1-2-3 are downregulated in
differentiating keratinocytes cultured in vitro, and within in
vivo skin sections and living skin equivalent models
[25,26]. After differentiation is completed, however, Id ex-
pression is undetectable. In contrast, immunostaining of the
proliferating basal layers of the epidermis is able to detect
Ids, including cytoplasmic Id1 and nuclear Id2-3 [26]. In
situ hybridization (ISH) localizes Id1 within basal and spi-
nous layers. Some columns of Id2-3-expressing cells are
also observed in potential epidermal proliferative units.

In vitro experiments using human primary keratinocytes

and normal human epidermal keratinocytes (NHEK cells),
and mimicking cell-cell and cell-matrix loss of contact,
display upregulation of Id1 during keratinocyte dedifferen-
tiation [25,26]. Consistent with this, in vitro ectopic expres-
sion of Id1 in primary human foreskin keratinocytes (HFK
cells) reduces their differentiation capacity [27]. Id1 may
also participate in epidermal wound healing processes. Id1
can facilitate the phenotype transition from resting, sessile
keratinocytes to mobile, migrating, and proliferating kera-
tinocytes during the repair of epidermal lesions and reepi-
thelialization [25].

Cell lines derived from cancerous squamous epithelia
and incapable of differentiation (squamous cell carcinoma
SCC9, and HaCaT) highly express Id1-2-3 mRNAs [25,26].
Moreover, sections from well-differentiated SCC display a
lack of Id immunoreactivity, whereas the most poorly dif-
ferentiated and malignant biopsy sections of squamous cell
carcinoma show high cytoplasmic Id1 immunoreactivity
and abundant levels of Id3—and to a lesser extent Id2—
within the nucleus [26]. High levels of Id1 expression are
also found in the cell cytoplasm of lesional epidermis areas
of bullous pemphigoid [25]. Finally, the level of Id expres-
sion correlates directly with disease course and the propen-
sity to metastasize [26]. Taken together, these data suggest
that a high or upregulated level of expression of Ids is
related to an undifferentiated, proliferative keratinocyte
phenotype, found during normal as well as cancerous pro-
cesses.

However, the effects of Ids on cell lifespan and death of
keratinocytes (HFK cells) are the subject of some disagree-
ment. Alani et al. [27] reported that Id1-2-3 were all able to
extend the normal primary human keratinocyte lifespan.
The ectopic expression of Id1 alone was sufficient to im-
mortalize primary human keratinocytes, previously trans-
fected with and selected for an Id1 expression vector [27].
This was accompanied by a constellation of molecular
changes, including reduced differentiation capacity, pRb
inactivation through phosphorylation inactivation of the
pRb tumor-suppressor pathway, and the cyclinD-CDK4/6-
p16 pathway, increased telomerase activity, and impairment
of the p53-mediated DNA damage response during the late
immortalization stages [27]. This analysis is in agreement
with a previously reported description of a genetic program
activated during the keratinocyte immortalization process
[28].

However, this conclusion contrasts with that of a more
recent report [29] using a retroviral Id1 expression system
and unselected human keratinocyte populations. Senescence
was clearly delayed by Id1 overexpression but was not
prevented, and immortalization did not occur. No increases
in telomerase activity or in p16 and active Rb levels were
observed. Still another study using an HaCaT squamous cell
line overexpressing Id1 or Id2 or Id3 [26] failed to produce
an organotypic model, suggesting a potential role of Ids in
promoting keratinocyte death, and perhaps apoptosis under
certain circumstances.

132 J.-P. Coppé et al. / Experimental Cell Research 285 (2003) 131–145



Despite their inconsistency, these results do add to the
evidence that Ids, particularly Id1 and also Id2, play a major
role in the regulation of cell growth (cell cycle and cell
death/senescence). These intricate but opposite roles of Ids
controlling cell growth and death are typical of tumor reg-
ulator genes, and add to the potential characterization of Ids
as oncogenes. The nature of these effects may be dependent
on cell culture conditions (reviewed in [16,17]). As will be
discussed later, data from a few other tissues suggest that
different Ids can play opposite roles in the same tissue,

while the same Id may play opposite roles in different
tissues.

The molecular pathways through which Ids act in epi-
dermis are not clear. So far, the only bHLHs that are well
identified in epidermis and have been shown to dimerize
and mediate signal transduction are Arnt and the dioxin
receptor (in its ligand-activated state mediated through the
tyrosine kinase activation pathway) [30], which do not in-
teract with Ids. Also expressed, as in the majority of epi-
thelial tissues, are the bHLH class I E2A gene products (E12

Table 1
Expression of Id proteins in protective and glandular epitheliaa

Tissue [references] Observed tissue/cell
phenotype

Id Expression (method) Modified Id expression Related phenotype

Epidermis [25–27, 29] During differentiation Id-1,2,3 n (ISH, IHC) m Id-1 in normal keratinocytes Reduced differentiation capacity and
extended lifespan

Differentiated cells Id-1,2,3 �(ISH, IHC)
Normal proliferation Id-1,2,3 ��(ISH, IHC) m Id-1 in primary keratinocytes Immortalization, or delayed senescence,

or cell death (?)
Tumors, bullous
pemphigoid

Id-1,2,3 ��� (ISH, IHC, cc)

Lung [42–44] During differentiation Id-1,2 m (ISH, IHC)
Tumor cells Id-1,2 ��?(cc)

Esophagous, oropharynx
[26,46]

Differentiated cells Id-1,2 �(IHC)

Tumor cells Id-1 ��� (IHC, cc)
Small intestine [52,53] Normal differentiating and

migratory cells
Id-1 �(IHC) Id1�/� mice No effect

Id-2,3 m (IHC) mId-1 in murine intestine Adenomas; no carcinomas; Id-2,3 n
Colorectal intestine

[44,48,51,53]
Normal differentiated Id-1,2,3 � (IHC) m Id-2 in cell lines Increased proliferation and malignancy

Premalignant adenomas Id-1,2,3 �� (IHC, cc)
Tumors, adenomatous
polyps

Id-1,2,3 ��� (IHC, cc)

Pancreas [65–67,78,79] Maturing cells Id-1,2 m(cc) mId-1,2 in cell lines Cell growth activation, and inhibition of
differentiation

Tumor cells Id-1,2,3 ��� (ISH, IHC, cc)
nId-2 in cell lines Cell growth inhibition

Liver [80,81] During differentiation Id-1 n (ISH, cc)
Differentiated cells Id-1 � (ISH, cc)
Normal proliferation Id-1 �� (ISH, cc)

Thyroid [84] Induced cell proliferation Id-1 m (cc) mId-1 in cell lines Further increase of cell growth
During differentiation Id-1 n (cc)
Tumor cells Id-1 ��� (IHC, cc)

Kidney [87–89] Differentiated cells Id-4 ��
Prostate [101–103,107,

111,112]
Premalignant tumors Id-1 � (cDNA array) n Id-1 in cell lines Reduction of proliferation

Malignant invasive tumors Id-1 �� ? (cDNA array,
IHC, ISH, cc)

Sertoli cells [113–115] Mature nondividing cells Id-2,3 ��
Id-1,4 �

Endometrium [120] Differentiated cells Id-1 � (IHC)
Invasive tumors Id-1 ��� (IHC)

Cervix [121] Tumors Id-1 ��� (IHC)
Ovary [122,123] During tumor progression Id-3 n (cDNA array) mId-4 in cell lines Increased malignancy

Id-4 m (ribozyme lib)
Mammary gland

[123,125,126,
128–134,137]

During differentiation Id-1 n (IHC, cc) m Id-1 in normal or
nonaggressive cell lines

Proliferative, invasive and migratory cells

Id-2 m (IHC, cc)
Normal proliferating cells Id-1 ��� (IHC, cc) m Id-2 in cell lines Id2�/�

mice
Increased differentiation

Id-2 � (IHC, cc) Differentiation deffects
Nonaggressive tumors Id-1 � (IHC)
Invasive tumors Id-1 ��� (IHC, cc)

Id-2 � (IHC, cc)
Id-4 ��� (ribozyme lib)

a The observed endogenous or exogenously modified upregulation (m) or downregulation (n) of Id proteins is specified. Levels of Ids expression (stable:
� ; absent or undetectable: �; low or detectable: �; high: ��; very high: ���; unclear data: ?) are indicated. The abbreviations used for the experimental
methods: IHC, immunohistochemistry; ISH, in situ hybridization; cc, cell culture; lib, library.
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and E47), which are present in the nucleus of keratinocytes
throughout the whole epidermis [26]. Moreover, expression
of the cyclin-dependent kinase inhibitor (CDKi) p21cip1waf1

is inversely correlated with Id expression and increases over
keratinocyte differentiation in vitro [26]. Id-2, and possibly
Id-1, are able to interact with and inhibit Ets-2 activity
or/and bHLH dimers, thus inhibiting potentially the SRE
sites, and most probably the E-box sites within the p21
promoter [31–35].

Finally, maintenance and (patho-) physiology of the epi-
dermis are mainly under control of the dermis, e.g., through
cytokine and interleukin signaling. Some evidence impli-
cates EGF-R/EGF and IGF-IR/IGF-I pathways as positive
regulators of Id1-2-3 expression in keratinocytes [26], as
already described in other tissues for Id gene regulation
[36–41]. Further investigations are needed to determine the
role of Id genes in regulation of epidermis homeostasis.

Respiratory system

From the respiratory conducts to the lobar bronchus and
the alveolar ducts, the mammalian airway epithelium is
composed of many different cell populations that line all the
divisions of the respiratory tract, including the pulmonary
neuroendocrine cells. Expression patterns of Id1-2 have
been analyzed in several lung cell lines and primary cultures
of alveolar epithelial cells, comparing their profiles in pro-
liferating fetal to nonproliferating adult cells. Id1-2 expres-
sion increases during the differentiation process, reaching a
peak in adult alveolar cells supporting the highly differen-
tiated nonproliferative phenotype. This suggests that these
proteins act as positive regulators of alveolar epithelial cell
differentiation [42], a conclusion consistent with previous

studies implicating Id2 during lung morphogenesis and dif-
ferentiation [43], though opposite from their role in epider-
mis, as discussed above.

Further studies of the role of Id2 suggest the existence of
an homodimerization mechanism associated with inhibition
of cyclin A promoter activity in lung epithelial-alveolar
cells (A549 cell line). This Id2 homodimerization process
occurs in vitro, and its functionality depends on (i) the HLH
domain, (ii) a cysteine residue (Cys42 in the first of the
characteristic two helices), and (iii) the HLH flanking region
(a region extending over 25–100 amino acids). The role of
Id1 and its potential HLH partner(s) remains to be eluci-
dated.

Finally, in human lung cancer cell lines HUT69C and
H292, very high levels of expression of Id1 mRNA and
relatively high Id2 mRNA levels are observed [44]. How-
ever, no comparative data of Id expression in normal versus
cancerous lung tissue are yet available.

Digestive system

Oropharyngial cavity and esophagous

Like the epidermis of the skin, the mucosal surface of the
anterior end of the digestive tract, including the oral cavity,
oropharynx, larynx, and esophagous, is a stratified squa-
mous epithelium [45]. Cells from head and neck squamous
cell cancer have been reported to express high levels of Id1,
particularly the most undifferentiated proliferating cells
([26]; see above). A cDNA array-based study of esophageal
squamous cell carcinoma (SCC) reported Id1 upregulation
in derived cell lines of esophageal squamous cell carcinoma
(HKESC-1 and HKESC-2) compared to morphologically

Table 2
Expression of Id proteins in various epithelial cancersa

Epithelial cancer

Epidermis Lung Esophagous,
oropharynx

Small
intestine

Colorectal
intestine

Pancreas Thyroiod Prostate Endometrium Cervix Ovary Mammary
gland

Id-1 � � � � � � � � � � �
(G, I) (G) (G) (G, I) (G) (G, I)

Id-2 � � � � � �
(G, I) (G) (G)

Id-3 � � � � �
(I)

Id-4 � �
(I) (I)

Ids-related
molecular
pathways

APC/�
catenin-p16
Cyclin D1

�-catenin/TCF
c-Myc
p53
E47

RET TGF-�
p16/pRb

BRCA-1 BRCA-1
PgR
NF-I
TGF-�
ITF-2

a The presence (�) or absence (�) of each of the four Id proteins (Id-1 to 4) is indicated as well as the cellular function of Ids when characterized (G,
cell growth; I, cell invasion). Major molecular pathways related to Ids are indicated when relevant. Epithelia from the stomach, salivary gland, liver, spleen,
kidney, bladder, uretrea, hair follicule, and cornea, as well as auditory and olfactory epithelia, have not been studied specifically, though we discuss some
of them in the text as potential Id-regulated tissues.
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normal esophageal cells [46]. Furthermore, tissue immuno-
histochemistry showed a cytoplasmic Id1 overexpression
within tumors while Id1 was almost undetectable in mor-
phologically normal esophageal epithelium [46].

No bHLH class I or II proteins have yet been identified
in cell growth control and transformation of this part of the
digestive tract. However, the APC/�-catenin pathway may
be involved in esophageal cancer [47], perhaps through the
regulation of Id expression as has been suggested in colo-
rectal cancer ([48]; see below). It is also interesting that
altered p16 and cyclin D1 profiles of expression are asso-
ciated with esophageal SCC [46,49], potentially linking Id
expression and genes regulating cell cycle progression, as
has been previously demonstrated in other tissues
[13,14,16,17,23]. Finally, oral SCC seems to be related to
p53 mutations but also manifests independently through p21
expression and transforming growth factor-beta (TGF-�)
regulation [50], which have also been associated with Id
dysregulation in colorectal cancer [51].

Small intestine

The intestinal epithelium is composed of four distinct
cell types: three kinds of secretory cells, including goblet
cells, enteroendocrine cells, and Paneth cells, and the en-
terocytes, which are absorptive cells. They all derive from
multipotent stem cells. In the normal adult mouse small
intestinal epithelium, a complex pattern of expression of
Id1-2-3 exists [52]. Id2-3 are detectable in the nuclei of
nondividing cells and increase during the differentiation-
migration process occurring in each crypt-villus unit. In
contrast, Id1 levels do not change during this period, and the
protein remains restricted to the cellular cytoplasm. E2A
gene products also localize to the intestinal epithelial cell
cytoplasm, which suggests a potential role for E12/E47 in
mediating the Id1-restricted localization pattern [52].

Previous findings have shown a limited contribution of
Ids in establishing and regulating the homeostasis of the
intestinal epithelium, since no particular histological intes-
tinal phenotype has been associated with Id1�/� or
Id3�/� mice [53]. Based on studies of chimeric mice [52],
forced expression of Id1 in the intestinal epithelium does
not seem to affect cell fate, nor modify Id localization.
However, overexpressed Id1 proteins accumulate in the
cytoplasm and are related to a drastic reduction of Id2-3
level of expression. Chimeric mice overexpressing Id1 in
the small intestine epithelium exhibit a phenotype similar to
that of mice carrying an APC mutation ([54]; and see be-
low), with 15% of the animals developing adenomas but not
carcinomas. No quantitative or qualitative changes in cell
proliferation, lineage, differentiation, and migration are de-
tectable. Id1 dysregulation alone may therefore not be suf-
ficient to initiate small intestinal carcinogenesis.

In summary, homeostasis of the small intestine epithe-
lium is not significantly affected by high/low levels of
Id1-2-3, also suggesting a role of other factors in the initi-

ation of intestinal tumorigenesis. However, some bHLH
class II proteins are essential to intestinal cell commitment,
differentiation, and function: BETA2/NeuroD [55,56],
MATH-1, and Hes [57], which also links the Notch pathway
to the bHLH network, and potentially Ids.

Colorectal intestine

In the human colonic epithelium, Id levels and patterns
of expression are broadly similar to those previously de-
scribed for small intestinal villosities and crypts [51]. Pre-
dominantly, Id1-2 have a cytoplasmic location, while Id3 is
nuclear in human colorectal musoca [51]. However, one
analysis failed to detect any Id2 expression in normal colon
mucosa [48]. In the human colon carcinoma cell line
Colo205 but not Colo320, overexpression of only Id1
mRNA was reported [44]. In human adenomatous polyps
and colorectal tumor tissues, immunostaining clearly re-
vealed higher levels of Id1-2-3 proteins compared to those
of the normal colonic mucosa [48,51,53]. Id3 overexpres-
sion was also associated with a partial abnormal cytoplas-
mic localization. More interestingly, colorectal tumor tis-
sues expressed higher levels of the Id1-2-3 proteins
compared to premalignant adenomas [51]. That Id2 dys-
regulation is a major contributor to inappropriate cell
growth is further suggested by the observation in other types
of tissues, such as neuroblastoma, that Id2 level of expres-
sion is correlated with the rate of proliferation of primary,
immortalized, and tumor cells [58,59]. Id2 overexpression
also increases anchorage-independent survival of human
colon carcinoma cells [48], while abolition of Id function-
ality leads to growth arrest of colorectal adenocarcinoma
cell lines HCLO and LS147T [51].

Ids have been implicated in several possible molecular
pathways contributing to colon carcinogenesis. The great
majority of colon cancers are initiated by mutations in the
adenomatous polypsis coli (APC) gene and/or �-catenin
gene, in a process that also involves alterations in regulation
of expression of the c-myc and cyclin D1 genes [60]. These
adenomas present a strikingly similar pattern of Id2 and
�-catenin expression [48], with the increase of Id2 expres-
sion directly correlated with hyperactivity of the �-catenin/
TCF pathway in colonic polyps. Id levels of expression are
also well correlated with the mitotic index of human colo-
rectal tumors and with p53 expression. The normal mucosa
of p53-null mice expresses higher levels of Ids [51].

The Id2 promoter contains a functional TCF binding site
activated by TCF-4, as observed in HT29 cells [48]. In
colon cells, transformed or not, Id2 is a direct target of this
signaling pathway, and its deregulation leads to the subse-
quent abnormal expression of Id2, and to a tumorigenic
process. However, since the Id2 promoter contains myc-
binding sites [58], its overexpression may also be induced
by the protooncogene c-myc, which in turn is induced by the
�-catenin/TCF pathway [61]. In fact, the myc-promoting
effect on Id2 is required to bypass proliferation control by
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Rb, a tumor suppressor protein. Rb sequestration by Id2
(and potentially Id4, but not Id1 or Id3) [14,58,62,63] would
lead to uncontrolled cell growth. In HCLO and LS147T
cells, overexpression of the E protein E47 (E2A product)
initiates a reduced cell proliferation state, likely through
Id1-2-3 inhibition/sequestration [51]. This would lead to
unregulated bHLH activity and abolish E2A-mediated sup-
pression of cell growth through unregulated p21/p16/p15
expression [31,64].

In any case, the main effect of Id2 overexpression is to
allow unrestricted proliferation. The contribution of Ids to
uncontrolled cell proliferation suggests that their major ef-
fects occur in relatively late phases of tumorigenesis in
human colorectal epithelium.

Pancreas

Pancreatic normal phenotype and function
The pancreas is an endocrine gland, presenting a secre-

tory multicellular epithelial structure, with both exocrine
functions—a duct emptying into the lumen of another or-
gan, and endocrine functions—ductless, secreting directly
into blood and extracellular fluid, and producing hormones.
The exocrine, endocrine, and ductal cells of the pancreas are
highly specialized epithelial cells. Id1 and Id2 protein levels
increase during the maturation-like process of �-cells into
�-cells, inversely correlating with insulin gene activation
[65], and forced Id expression inhibits insulin production by
insulinoma cells [66,67]. Ids may act by both inhibiting the
cis-regulated insulin control element (ICE), and by seques-
tering E2A products that couple with HLH complexes and
INSAF (insulin activator factor) to trans-regulate the insulin
gene [67].

In addition, essential bHLH factors are well established
as key regulators of pancreatic cell function and differenti-
ation, e.g., NeuroD/BETA2, E47, Neurogenin3, HES-1, and
PTF1-p48 as well as some of the non-bHLH Pax proteins
[68–74]. In the pancreas, it is clear that Ids and bHLHs are
part of a much larger protein network regulating the various
functions of different types of cells. The Id2 gene is itself
regulated by the type 1 insulin-like growth factor receptor
(IGF-IR) and the insulin receptor substrate-1 (IRS-1) in
murine hematopoietic cell lines [36,37]. The MAPK (mito-
gen-activated protein kinase) and PI3K (phopshatidylinosit-
ide 3-kinase) pathways as well as the Stat3 pathway also
modulate Id2 expression (up/down regulation) [36].

Some studies have begun to delineate the role of Ids in
this network of protein regulators. In the HIT pancreatic cell
line, in which endogenous E2A-like activity is high, E2A
and Id proteins regulate expression of the cyclin-dependent
kinase inhibitor p21 (CDKi) [31]. p21 is overexpressed
early during pancreatic intraepithelial neoplasia [75], and
binds to cyclin-CDK complexes, resulting in the inhibition
of kinase activity, and halting cell cycle progression. Id1
overexpression leads to cell growth activation and inhibits
p21 expression [31,76]. Id1 may thereby be required during

oncogenesis as part of the control of the cell cycle, at least
in pancreatic cells and some other tissues where this net-
work has been described (for reviews: [13,14,16,17,23].

Pancreatic carcinoma
Human pancreatic cancer is highly malignant and almost

always fatal [77]. This cancer is often associated with on-
cogenic gene dysregulation and with overexpression of mi-
togenic growth factors and receptors. Ids have also been
implicated in this tumorigenic process. An increase of Id1-
2-3 mRNA levels (5-fold increase for Id1-2 and 2-fold for
Id3) as well as protein levels is observed in pancreatic
cancer tissues, and in ductal-like areas of chronic pancre-
atitis (CP) and dysplastic lesions of CP [78,79]. In contrast,
normal pancreatic tissues express low to moderate levels of
Id1-2 mRNA, though relatively high levels of Id3 mRNA
[78,79]. Immunohistochemistry reveals that all three Ids
colocalize in tumor cells and duct-like cancer cells. Id1-2
are localized in the transformed cell cytoplasm.

In vitro characterization of Id expression in pancreatic
cancer cell lines (PANC-1, MIA-PaCa-2, ASPC-1, CA-
PAN-1, COLO-357) also reveals an overexpression of Id1-
2-3 mRNA as well as protein [78,79]. Consistent with this,
inhibition of Id2 expression with Id2 antisense RNA results
in inhibition of the growth of the PANC-1 human pancreatic
cancer cell line [78]. Moreover, in the induced differentia-
tion state PANC-1 exhibits decreased Id2 expression,
whereas Id2 level increases in serum-treated PANC-1 cells,
leading to proliferation. However, treatment with Id2 sense
RNA had no effect on cell proliferation [78]. Finally, over-
expression of Id1-2 and, to a lesser extent, Id3 seems to be
associated with enhanced proliferative activity of pancreatic
cells undergoing tumorigenesis, and inhibition of (re-)dif-
ferentiation in the case of Id2.

Id1-2-3 may therefore represent markers of pancreatic
malignancy [78]. The large variety of bHLH proteins de-
regulated through overexpression of Ids, principally Id2,
may play a key function in the regulation of pancreatic
cancer, in addition to being directly connected with pancre-
atic dysfunction. Further investigation of the downstream
genes under Id regulation or potential dysregulation, and the
upstream pathway regulating Id expression and function,
should bring new insights into the roles of Ids in pancreatic
cell proliferation, differentiation, and tumorigenesis.

Liver

An in vivo model based on partial rat hepatectomy and
an in vitro model of hepatocyte culture under stimulating
factors have been used to determine the Id1 pattern of
expression in hepatocytes [80]. Id1 is progressively down-
regulated during liver development. In terminally differen-
tiated hepatocytes, no Id1 transcripts are detected. However,
strong Id1 expression is observed during hepatocyte activa-
tion and proliferation, specifically in the mid-late G1 phase
of the hepatocyte cell cycle. Conversely, recent data [81]
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suggest that Id1 mRNA level diminishes during the dra-
matic phenotype change occurring through the activation of
hepatic stellate cells leading to fibrosis. Analysis of E-box
DNA binding activity of nuclear extracts from primary
human and rat stellate cells undergoing this activation dem-
onstrates a specific modulation of activity. Since cellular Id1
is downregulated, some bHLH proteins (including MyoD),
usually under negative regulation by Id1 in quiescent stel-
late cells, would be released, thus modifying the global
cellular balance of HLH protein, and therefore regulating
downstream target genes. This scheme provides insight into
the potential role of Id1 during liver-cell differentiation and
proliferation, and correlatively cell cycle regulation.

A novel dominant inhibitory HLH protein structurally
and functionally related to the Id protein family is impli-
cated in liver-specific gene expression [82]. This new HLH
protein, named HHM, for Human Homologue of Maid [83],
has a leucine zipper motif and is larger than conventional Id
proteins. HHM is a potential partner of E12 proteins during
human liver development and transiently during hepatic
stem cell activation. HHM inhibits the expression of hepa-
tocyte nuclear factor-4 (HNF-4), a liver-specific gene the
promoter of which contains E-boxes as well as, for example,
HNF-1�/3�/3�/4/6 [82]. HHM is expressed in fetal but not
in adult liver, and during liver regeneration, suggesting a
potential role in differentiation and growth regulation in the
liver in the adult. HHM may play a role in liver plasticity
and perhaps in the tumorigenic process, in a specific hepat-
ic-gene regulation manner.

Thyroid

The thyroid is a ductless endocrine gland, with an epi-
thelial structure secreting hormones directly into blood and
extracellular fluid. Stimulation of thyroid cell growth in
vitro induces a striking upregulation of Id1 [84]. Con-
versely, the in vitro induction of cell redifferentiation
through the activation of the protein kinase C pathway is
associated with a downregulation of Id1 [84]. In contrast to
the corresponding normal medullary thyroid phenotype,
medullary thyroid cancer (MTC) exhibits characteristics of
cell proliferation and loss of cell growth control, dediffer-
entiation, migration, and invasion, as is typical of most
epithelial cancers. MTC is associated with a high level of
Id1 expression, as revealed by immunostaining of nucleus
and cytoplasm of tumorigenic tissues, as well as mRNA
analysis in medullary thyroid cell lines. Id1 is also overex-
pressed in papillary thyroid cancer and in hyper- and neo-
plastic thyroid tissues. Interestingly, the high Id1 level of
expression is correlated with the RET protooncogene mu-
tation, which leads to constitutive tyrosine kinase activity in
some hereditary forms of MTC [84,85]. This suggests that
Id1 is a potential mediator of the RET mitogen response. In
vitro, differentiation and proliferation of MTC are directly
related to the human bHLH achaete-scute homolog-1 pro-

tein (Ash-1) [86], a class II bHLH. Ash-1 may be the target
of Id1 and could be a thyroid-specific class II bHLH. As in
many other tissues, increased Id1 expression in C-cell hy-
perplasia and MTC could be related to (i) increased levels of
functional cell growth stimulatory factors, and/or (ii) de-
creased presence and activity of growth inhibitory proteins.

Urogenital organs

Kidney and urinary tract

The renal collecting system is composed of glomerular
and tubular nephroepithelial cells. During embryogenesis,
the kidney undergoes strong morphogenic activities and
expresses high levels of Id1-2-3 proteins [11]. Like testis
and brain, adult kidney expresses very high levels of Id4
[87,88]. Unlike most tissues, which express two closely
related variants, Id1A and Id1B, the mouse adult kidney
expresses only Id1A [89]. Thus, variations in either Id1
sequences or of their relative amounts may play a regulatory
role.

The bHLH STRA13 [90] as well as the bHLH-PAS
proteins HIF-1 [91,92] and potentially ARNT [93,94] are
implicated in renal clear cell carcinoma (RCC) resulting
from von Hippel-Lindau (VHL) disease, occurring through
a VHL tumor suppressor gene mutation. Mouse mesangial
cells of the mature glomeruli seem to express both bHLH
myf5 and herculin, whereas Ids are no longer expressed
[95]. The bHLH Pod-1 is also essential [96] and might be
indirectly regulated by Ids. The kidney-specific member of
the cadherin superfamily (Ksp-cadherin or cadherin-16) is
expressed in the basolateral membrane of renal tubular
epithelial cells and possesses within its promoter some E-
boxes [97]. Expression of mutated bHLH protein is also
implicated in the terminal stages of the very aggressive
papillary renal cell carcinoma. Finally, as in other epithelial
tissues, the proximal tubes of the kidney are under
BMP(�7) and TGF-� regulation [98], suggesting another
potential pathway involving Id control of expression.

Prostate and testis

Adult prostatic epithelium consists of basal, secretory,
and neuorendocrine cells. Basal cells are situated between
the basal membrane and the overlapping secretory cells. The
luminal layer consists of tall columnar cells that express the
androgen receptor. Prostate cancer development is associ-
ated with hormonal imbalance and correlated with advanc-
ing age [99]. Induced hormone imbalance by a combination
of testosterone and estradiol in the Noble rat model induces
a high incidence of prostate hyperplasia, dysplasia, and
adenocarcinoma [100]. In these in vivo experimental con-
ditions, Id1 was found at high levels only in prostate tumor
cells, whereas premalignant prostate lesions expressed rel-
atively low levels of Id1 [100]. Id1 was also highly over-
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expressed in the more poorly differentiated cells, and Id1
levels of expression have been correlated with the his-
topathological grade of rat tumors [100]. Similar results
have been reported for human prostate cancer specimens
[101]. Thus, Id1 upregulation might be a biomarker and a
mediator of sex hormone-dependent prostate cancer.

Ling et al. [102] also correlated suppression of TGF-�1
levels with in vitro Id1 expression by using their own
HPr-1-immortalized prostate epithelial cell line. The TGF-�
pathway has been implicated in Id1 transcriptional regula-
tion within epithelial tissues, through TGF�-R1, swads, and
APK [103–105]. Id1 downregulation was associated with
induced growth arrest and differentiation. Another study
suggested that the p16INK4a/pRb pathway might be a down-
stream target of Id1, potentially increasing the proliferation
of LNCaP cells and prostate cancer cells [106]. The tran-
scriptional repression of p16/ink4a by Id1 through Eprt- and
Ets-mediated regulation has already been established [107].
Interestingly, overexpression of MMP-7 and clusterin (or
TRPM-2) has also been reported during sex hormone-in-
duced prostatic cell tumorigenesis in the Noble rat model
[100]. The clusterin gene has also been directly linked to
Id-1 in mammary gland (see below). Id1 overexpression is
observed in the tumoral stage but not premalignant stages,
whereas MMP-7 and clusterin are detectable until formation
of dysplastic lesions/cells, which is in good accordance with
previous findings [100,108,109]. In contrast, though, signif-
icant reduction of Id1 mRNA levels was observed in pros-
tate cancer from human patients in comparison with normal
prostate tissues [110,111]. This study [110], as well as that
in the previously quoted report [100], was based on the use
of cDNA array technique. The discrepant results in Id1
variation might be accounted for by differences in tissue
storage, sampling, dissection, and microselection, as well as
the prostate zone from which RNA was extracted.

In the testis, Sertoli cells are critical to embryonic de-
velopment and maintenance of spermatogenesis in the adult.
The main regulator of Sertoli cell functions is gonadotropin
FSH (follicle-stimulating hormone). FSH is also a regulator
of folliculogenesis in the female. The FSH-signalling path-
way mediates its action through the FSH-receptor (FSH-R)
and, downstream, through bHLH members such as E2A
products and REB�, and Id proteins [112–114]. Sertoli
cell-specific genes, including transferrin, steroidogenic fac-
tor-1, and FSH-R, are under control of an E-box [115–117],
and a newly described specific bHLH SERZ is expressed in
Sertoli cells [118]. Id proteins themselves are under regu-
lation by FSH in Sertoli cells. The four Ids do not appear to
have redundant functions [113,114], and each presents a
unique temporal and spatial dynamic pattern of expression
within the mouse testis tissues [114]. All are likely to be
under hormonal regulation. Id2-3 are abundant in mature
nondividing Sertoli cell nuclei and cytoplasm, respectively,
whereas Id1 and Id4 are not detectable in these cells [114].
Ids are therefore likely to play an important role in this
particular cell lineage.

Endometrium/uterus, cervix, and ovary

A clinical study [119] reported the existence of a rela-
tionship between cellular Id1 expression in tissue sections
of normal and carcinoma endometria, and patient charac-
teristics. Normal proliferative and secretory endometria
were devoid of Id1. Strong Id1 immunoreactivity, indicative
of Id1 overexpression, was found in carcinoma tissues. Id1
was present in the nucleus, and sometimes in the cytoplasm,
of endometrial carcinoma cells, mostly in cells invading the
stroma. Id1 presence and level of expression strongly cor-
related with the clinical stage, histological grade, cell/tumor
aggressiveness and invasiveness (myometrial invasion),
and, to a lesser extent, with the clinical outcome of patients.
Therefore, Id1 presence could serve as a marker of endo-
metria tumor prognostic [119].

Level of Id1 expression may also be correlated with the
prognostic of early-stage cervical cancer and patient sur-
vival [120]. Thus, immunohistochemistry of patient cervical
tissues demonstrated that Id1 level correlated with clinical
outcome, with overexpression of Id1 associated with a
higher tumor cell aggressiveness in cervical cancer. Id2
expression, on the other hand, showed a weak negative
correlation with cervical cancer prognostic, as in squamous
cell carcinomas [26]. The pattern of Id3 expression, while
not reaching significance, suggested a trend toward favor-
able patient prognosis when overexpressed in ovarian tu-
mors. In 70% of ovarian tumors, Id3 was identified as an
underexpressed gene, using a cDNA array to compare ovar-
ian cancer cell lines and an immortalized human ovarian
surface epithelial cell line [121]. This downregulation was
not associated with any Id3 gene mutations nor any loss of
heterozygosity at its normal chromosomal localization
(1p36.1), though this is a common region of LOH in ovarian
cancer. The molecular events driving Id3 reduction of ex-
pression in ovarian cancer thus remain to be identified.

Upregulation of Id4, like that of Id1, may be a potential
marker of breast and ovarian cancer. Id4 has been identified
as an upstream regulator of the BRCA1 gene (Breast Cancer
susceptibility gene) in ovarian cancer and breast cancer,
using a very elegant promoter-driven reporter system [122].
An “ inverse genomics” approach based on a randomized
ribozyme gene library transduced in cells derived from
human ovarian and breast cancer (SK-BR-3, T47-D, and
PA-1) demonstrated that Id4 could modulate BRCA1 pro-
moter-driven reporter gene expression and endogenous
BRCA1 expression. Consistent with this, expression of Id4
and BRCA1 are inversely related in sporadic ovarian and
breast cancer: Id4 is upregulated while BRCA1 is down-
regulated. Use of Id4 sense or antisense vectors inducing
Id4 overexpression or knockdown, respectively, has further
confirmed the role of Id4 as a potential crucial factor in
ovarian/breast tumorigenesis and invasiveness. Id4 may
also be involved in the hormone-dependent regulation of
BRCA1 expression, since its expression in MCF-7 cells was
estrogen dependent in the opposite way from BRCA1 [122].
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Therefore, Id4 appears to be involved in the BRCA1 regu-
lation pathway occurring in ovarian and breast cancer
pathogenesis. The BRCA1 regulation through Id4 may also
implicate Myc as a potential important player in the ovarian
phenotype [123,124].

Mammary gland

Mammary epithelial cell growth and differentiation
Id1 expression was examined during normal mouse

mammary gland development in vivo [125]. The expression
of �-casein, a marker of differentiation of the mammary
epithelial cells, was inversely correlated with Id1 expres-
sion. During the initial stages of mammary gland develop-
ment, when epithelial cells of the ductal trees proliferate and
invade the stroma, Id1 was highly expressed. During mid-
pregnancy, Id1 was downregulated and remained undetect-
able through much of the lactating period, corresponding to
a highly differentiated stage [125]. Correlatively, studies of
in vitro cellular differentiation detected a rapid and marked
decline of Id1 expression [126]. Indeed, when given lacto-
genic hormones and extracellular matrix (ECM), murine
mammary epithelial cells [127] aggregate, arrest growth,
form alveolus-like structures, secrete milk proteins [128],
and rapidly downregulate Id1 [126].

Consistent with these studies, the ectopic expression of
Id1 into SCp2 cells prevents differentiation and milk protein
expression, and stimulates cellular proliferation [126]. This
study also showed that Id1 upregulates the Zfp289 gene
[129] encoding a cytoplasmic protein that is probably the
human homologue of the yeast Gcs-1. Gcs-1 is a GAP
(GTPase activating protein) necessary to the transition from
stationary to proliferation phase in yeast (reentry in cell
cycle), and involved in vesicular trafficking and in the
regulation of the actin cytoskeleton network. Zfp289
mRNA expression pattern was closely related to that of Id1
during normal mouse mammary gland development.

The expression of Id1 in vitro and in vivo was also
shown to be linked with and to induce either proliferation or
apoptosis [125]. Thus, depending on extracellular signals as
well as cell-cell interactions, Id1 potentially plays dual but
opposite functions in mammary gland. Moreover, Id1
downregulates the clusterin gene. This glycoprotein regu-
lates cell-cell interactions [129] and is also involved in
apoptosis regulation. The ectopic expression of Id1 in SCp2
cells stimulates cell growth, eventually activating cell mi-
gration, and also leads to Id1-related metalloproteinase ex-
pression [130]. Under these conditions, a 120-kDa gelati-
nase is secreted by SCp2-Id1 cells. In nonconfluent SCp2
cells, constitutive expression of Id1 enhances glucocorticoid
stimulation of tight junction sealing [131], targeting the
adhesive and permeability properties of mammary epithelial
cells. Id1 thus helps establish a competent state for mam-
mary epithelial cells to form normal cell-cell contacts [131].

Id-2 also plays an important role in the mammary gland.
Id2-deficient female mice display severe lactation defects

[132], which could be indicative of a positive role of Id2
during the differentiation process. The functional activity of
Stat5 is decreased in Id2�/� mammary glands, implying
the participation of Id2 in this pathway [132]. In any case,
unlike Id1, Id2 appears in vivo to be associated with mam-
mary epithelial cell differentiation during mammary gland
development [125]. Under differentiation conditions, Id2
proteins are detected only when milk proteins start to be
produced, and increase throughout late pregnancy and the
lactating period [125]. This is confirmed in vitro with the
SCp2 cell culture model. Ectopic expression of Id2 in SCp2
cells accelerates differentiation, while Id2 depletion inhibits
differentiation [125]. Id2 may therefore be an activator of
mammary gland differentiation rather than an inhibitor.
Hence, it has been hypothesized that Id1 and Id2 are in-
volved in regulating mammary epithelial cell phenotypes,
but by playing opposite roles [125].

Mammary gland tumorigenesis
Unregulated Id1 expression is probably an important

event in carcinogenesis of breast, at least for the late events
of mammary gland tumorigenesis, that is to say cell migra-
tion, invasiveness, and metastasis. In breast cancer biopsies,
Id1 protein is more frequently highly expressed in infiltrat-
ing carcinomas compared with ductal carcinomas in situ
[133]. Therefore, Id1 may serve as a marker of aggressive-
ness of breast tumors [133]. Id1 mediates the effects of sex
steroid hormones on T47D cells, particularly on hormonal
control of cell proliferation. Estrogen (E2) stimulates Id1
expression and activates cell proliferation. Progesterone
(Pg) represses Id1 expression and inhibits cell growth. In-
deed Id1 repression may be an early downstream event,
eventually leading to the G1 growth arrest, caused by Pg.
Inappropriate Id1 expression may be responsible for the
lack of steroid responsiveness shown by some breast can-
cers.

High levels of Id1 expression also strongly correlate with
levels of aggressiveness and invasiveness of several breast
cancer lines [130,133]. Some highly aggressive human
breast cancer cells lose serum regulation of Id1 expression
[133]. This deregulation might be a major cause of the
development of a metastatic phenotype in breast cancer
cells. Further insight into the role of the Id1 gene in human
metastatic breast cancer cells was obtained from analysis of
two main regulatory regions within the Id1 promoter [134].
The first, 1.2 kb upstream from the transcription start, con-
sists of Egr-1, YY-1, and CREB/ATF consensus sequences,
which are responsible for the serum responsiveness and
upregulation of Id1 [134,135]. The second, 200 bp upstream
from the transcription start, is a 31-bp sequence responsible
for the constitutive expression of Id1 in highly aggressive
breast cancer cells. The 31-bp sequence contains SP-1 and
NF-1 sites. A molecular complex was identified, containing
the corepressor HDAC-1 (condensation of the chromatin),
Rb, SP-1, and NF-1. Since SP-1 is expressed in nonaggres-
sive as well as metastatic breast cells, NF-1 may be the key
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regulator of Id1 gene repression in aggressive breast cancer
through HDAC-1 recruitment. The loss of NF-1 would
impair formation of the NF1/Rb/HDAC1 repressor com-
plex, leading to constitutive expression of Id1 [134].

Another system of regulation of Id gene expression in
breast cancer may be related to the BMP factors, and thus
the TGF-� superfamily of cytokines and receptors, which
have a dual role in normal/abnormal cell homeostasis
[103,136]. BMP-2 induces sequential changes and overex-
pression of Id1-2-3 in the MCF-7 cell line [137]. Id1 is
possibly a BMP-2-dependent gene [137–139]. BMP-spe-
cific response elements in the Id1 promoter have been iden-
tified [105,140]. The BMP effect is likely to be mediated by
Smad-1/4 through direct binding to different motifs and
activating Id1 transcription.

As noted earlier, Id2 appears to play an opposite role
from that of Id1 in mammary epithelial cells. Likewise, the
Id1 increase occurring during breast carcinogenesis is asso-
ciated with a decrease of Id2 expression (Y. Itahana, J.
Singh, T. Sumida, J.P. Coppe, J.L. Bennington, and P.Y.
Desprez, unpublished data). Downregulation of Id2 during
tumor formation is also observed in the small intestine
epithelium [52] and, with less certainty, the cervix [26],
though Id2 upregulation has been observed in carcinogen-
esis associated with the epidermis [26], colorectal tissue
[48,51], and pancreas [78,79]. A characteristic balance be-
tween Id1 and Id2 expression may be altered during the
tumoral process of the mammary gland, through the regu-
lation of a bHLH network, perhaps comprising ITF2
[125,141].

Finally, Id4 appears to be also involved in breast cancer
development as shown by Beger et al. [122]. Id4 is a
regulator of BRCA1, which is downregulated in sporadic
breast cancer. Id4 expression results in downregulation of
BRCA1 expression and anchorage-independent cell growth.

Other epithelia potentially under Id regulation

The pigmented cells composing the epithelium of the
skin—which depends on melanocyte homeostasis—as well
as the retinal pigment epithelium of the eyes, may poten-
tially be under Id regulation, either (i) directly, through, e.g.,
Atonal [142] and Pax-6 [143], or (ii) indirectly, e.g., through
Mitf [144,145]. An indirect Id regulation of the corneal
epithelium of the eye through IPAS (inhibitory Per/Arnt/
Sim domain protein) might also be expected [146]. Another
complex function of the skin is its association with hair
follicule generation. Id may be involved in this other dif-
ferentiation process [147]. Similarly, the sensory epithelia
of the vestibular and auditory system, composed of inner
hair cells and neuroepithelial cells, are dependent on the role
of BETA2/NeuroD [148]. This bHLH protein class II as
well as Hes are also expressed during mouse olfactory
epithelium differentiation [149,150]. Future investigations
might focus on determining the role of Ids in olfactory and

auditory epithelium-cell fate control. Mist1, a bHLH class
II, has been shown to be expressed in the adult epithelium
of the lung, stomach, liver, and spleen [151,152]. However,
there have been no reports regarding a potential role of Ids
or interaction of other factors with Ids in growth and pro-
liferation of some of these tissues. The class B bHLH
protein Pod-1/capsulin/epicardin has been implicated in dif-
ferentiation of spleen tissues [153], and might be indirectly
regulated by Ids through sequestration of its broadly ex-
pressed partner, E12.

Final perspectives

Since the discovery of Id proteins 12 years ago, the
diversity of biological processes they are known to help
orchestrate has been enormously expanded. They are now
established as important factors for the regulation of cell
growth, apoptosis, senescence, cell survival, oncogenesis,
tumor progression, and malignancy. In this review, we have
highlighted the evidence implicating Id proteins in regula-
tion of epithelia phenotypes. We have taken an organ-by-
organ approach to this discussion, but we could have taken
a more physiological or molecular one, in which we focused
on the metabolic pathways in which Ids are involved. What-
ever the approach, these studies make it clear that Ids are a
key factor in determining epithelial cell fate, both in normal
and pathlogical tissue. Id1, in particular, is overexpressed in
almost all epithelial cancers, including epidermis [25,26],
esophageal squamous cells [46], small and colorectal intes-
tine [48,51,53], pancreas [78,79,154], thyroid [84], endo-
metrium and cervix [119,120], breast [133], and prostate
[100,110] (see Table 2).

Ids may be regulated in epithelial cells through their
sensitivity to hormones and growth factors, or because of
their involvement in pathways dependent on the extracellu-
lar matrix as well as cell-cell interactions. An emerging
hypothesis of cancer, for example, involves Id1 dysregula-
tion within hormonal dependent tissues, such as breast,
ovary, cervix, endometrium, and prostate. It has also been
suggested that different Ids may play opposite roles in a few
specific tissues (e.g., Id1 and Id2 in breast), while the same
Id may play opposite roles in different tissues (e.g., Id2 in
pancreas and breast). These variations may be related to
epithelium function or to specific molecular mechanisms
associated with Id cellular functions. Finally, studying the
roles of Id3 and Id4 in epithelial tissues may lead to new
insights in the regulation of epithelial phenotype, perhaps
through redundant/overlapping activity able to rescue Id1
or/and Id2 dysregulation, or through completely different
effects.

Much work remains to establish how Ids play their key
roles in various complex regulation networks, and mediate
cellular, environmental, and internal signals. The upstream
processes and factors regulating expression of Id genes, as
well as the downstream effects of these genes are far from
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being completely worked out. Further studies are necessary
to elucidate the possible role of Id genes in cell/matrix
interactions, as, for example, during epithelial-mesenchy-
mal transition [155,156]. The mechanisms regulating stabil-
ity, degradation and segregation of Id proteins are also
important areas of investigation that could lead to break-
throughs in cancer therapy. However, a major problem
slowing down progress in the field of Id HLH biology is the
difficulty in obtaining reliable and specific antibodies for
each of the four Ids, especially for in vivo detection through
immunohistochemistry.

Since most tumors are associated with overexpression of
Ids, these proteins are potentially the basis for new diag-
nostic as well as therapeutic approaches to cancer. As de-
scribed above, some studies suggest that the aggressiveness
of certain tumors is correlated with the level of Id expres-
sion. Certain small peptides, molecules, or organic com-
pounds may be useful in inhibiting some specific protein-
protein interactions that occur during Id dysregulation and
that lead to epithelial cell pathogenicity. Another important
avenue of approach involves regulating synthesis of Ids,
through antisense technology as well as the molecules pro-
moting Id degradation.

Finally, epithelial tissues constitute valuable tools in the
understanding of how Ids function at the molecular level in
the overall processes of development, differentiation, and
carcinogenesis. Future in vitro and in vivo studies will most
certainly bring important new information about the roles of
Id proteins in molecular and cell physiology.
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